The Nef protein enhances human immunodeficiency virus type 1 (HIV-1) replication through an unknown mechanism. We and others have previously reported that efficient HIV-1 replication in activated primary CD4 ؉ T cells depends on the ability of Nef to downregulate CD4 from the cell surface. Here we demonstrate that Nef greatly enhances the infectivity of HIV-1 particles produced in primary T cells. Nef-defective HIV-1 particles contained significantly reduced quantities of gp120 on their surface; however, Nef did not affect the levels of virion-associated gp41, indicating that Nef indirectly stabilizes the association of gp120 with gp41. Surprisingly, Nef was not required for efficient replication of viruses that use CCR5 for entry, nor did Nef influence the infectivity or gp120 content of these virions. Nef also inhibited the incorporation of CD4 into HIV-1 particles released from primary T cells. We propose that Nef, by downregulating cell surface CD4, enhances HIV-1 replication by inhibiting CD4-induced dissociation of gp120 from gp41. The preferential requirement for Nef in the replication of X4-tropic HIV-1 suggests that the ability of Nef to downregulate CD4 may be most important at later stages of disease when X4-tropic viruses emerge.
The accessory gene Nef is a key virulence factor of primate lentiviruses. Nef markedly enhances viral replication and progression to AIDS in simian immunodeficiency virus (SIV)-infected macaques (34) . In humans, a small subset of long term nonprogressors harbor human immunodeficiency virus type 1 (HIV-1) mutants encoding defective Nef genes (35, 45, 57) . The absence of high viral loads associated with Nef-defective virus infection suggests that Nef promotes virus replication in vivo. In vitro, Nef enhances HIV-1 replication in primary T lymphocytes and macrophages (24, 47, 63, 65) . Although the precise mechanism by which Nef enhances replication in primary T lymphocytes is unknown, we and others have reported that CD4 downregulation by Nef is strongly linked to HIV-1 replication in primary T lymphocytes, peripheral blood mononuclear cells (PBMC), and tonsillar histocultures (29, 43) .
CD4 is the major receptor for HIV-1, HIV-2, and SIV (22, 37) . Infected cells downregulate CD4 following HIV infection (22, 37) . HIV-1 encodes three gene products, Env, Vpu, and Nef, that downregulate cell surface CD4 expression (for a review, see reference 38) . At late times following infection, Env gp160 precursors bind and sequester newly formed CD4 molecules in the endoplasmic reticulum (7, 20, 32, 64) . Vpu then interacts directly with the cytoplasmic tail of gp120-bound CD4, targeting this complex to the cellular proteasomal degradation pathway (8, 13, 71) . Thus, both Env and Vpu function by preventing nascent CD4 from reaching the plasma membrane. Nef, in contrast, is expressed immediately following infection and stimulates the internalization and degradation of CD4 molecules already present on the surface of the infected cell prior to Env and Vpu expression (2, 12, 59) . Nef interacts simultaneously with the cytoplasmic tail of CD4 and members of the cellular clathrin endocytic machinery, such as adaptor proteins (9, 19, 27, 30, 41) , ␤-cop (5, 56) , and/or vacuolar ATPase (42, 44) . Nef thus directs infected cell surface CD4 to cellular endocytic pathways and to its subsequent degradation in lysosomes. The importance of CD4 downregulation for HIV-1 replication is supported by the observation that HIV replicates poorly in cells engineered to overexpress CD4 (17, 46) . However, the mechanism by which CD4 downregulation by Nef enhances HIV replication in primary T cells is unknown.
In this study, we demonstrate that Nef markedly enhances the infectivity of progeny virions released from primary human T cells by (indirectly) stabilizing the association of gp120 with gp41. Interestingly, R5-tropic HIV-1, unlike X4-tropic HIV, replicated efficiently in the absence of a functional nef gene, and the Nef-defective progeny virions contained normal quantities of gp120. We further show that Nef prevents CD4 incorporation of both X4-and R5-tropic virions, suggesting that the greater sensitivity of X4-tropic Env to CD4-mediated interference determines the specific requirement for Nef in replication of X4-tropic HIV-1.
MATERIALS AND METHODS

Cells. 293T cells for virus production and HeLa-CD4/LTR-lacZ (P4/CCR5
ϩ ) cells for infectivity assays were maintained in Dulbecco's modified Eagle's medium (Cellgro) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and penicillin-streptomycin (Cellgro).
Highly purified, activated primary CD4 ϩ T lymphocytes were prepared as described previously (43, 67) , with a few modifications. Mononuclear cells were purified from buffy coats of the blood of seronegative donors by banding onto Ficoll-Hypaque (Amersham Biosciences; 30 min, 800 ϫ g, 25°C). CD4 ϩ cells were then isolated with two successive rounds of positive selection with anti-CD4 Dynabeads and subsequent release using Detachabead (Dynal Biotech). A 2:1 bead/cell ratio was used in both rounds to enhance cell purity. Homogeneity of cells (Ͼ99% CD4 ϩ T cells) was confirmed by staining with CD3-and CD4-specific monoclonal antibodies (BD Pharmingen) and analysis by flow cytometry (data not shown). Purified CD4 ϩ cells were subsequently activated with bacterial superantigen staphylococcal enterotoxin B (SEB; 100 ng/ml) and mitomycin C-killed PBMC from another donor (10:1 PBMC/CD4 ϩ cell ratio). T cells were cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum (HyClone), MEM amino acids, L-glutamine, MEM vitamins, sodium pyruvate (Gibco), and penicillin plus streptomycin (Cellgro). Three days following stimulation, cells were split 1:2 in medium containing interleukin-2 (IL-2; NIH AIDS Research and Reference Reagent Program; 200 U/ml final concentration). Cultures were then split 1:2 every 2 days in IL-2 medium and infected with HIV-1 at 7 days poststimulation. Despite slightly different purification and activation protocols from our earlier study, X4-tropic HIV still required Nef and Nefmediated CD4 downregulation for efficient replication in these activated CD4 ϩ T cells (data not shown).
HIV-1 proviral constructs. The X4-tropic proviral constructs R8 and Nefdefective R8⌬N were described previously (28) . R8-based chimeras R8BaL and R8AD8 express the Env genes of the R5-tropic isolates BaL and AD8. R8BaL and R8BaL⌬N, respectively, were created by substituting the SalI-to-BamHI fragment from the isolate BaL into the corresponding sites of R8 and R8⌬N as described previously (68) . R8AD8 was derived from the viral construct pNL(AD8), a gift from E. Freed (26) . R8AD8 and R8AD8⌬N were constructed by transferring the SalI-BamHI region of pNL(AD8) into the corresponding sites of R8 and R8⌬N. The X4-tropic HIV-1 proviral clones R7 and R7⌬N were described previously (2) . SF2 and SF2⌬N were a gift from M. Tobiume and M. Matsuta. X4-tropic pNL4-3 and pNL4-3⌬X and R5-tropic clone pYU2 were obtained from the NIH AIDS Research and Reference Reagent Program. R5-tropic clones JR-CSF and nef-defective JR-CSF⌬X were gifts from Jerome Zack (33) . The YU2b chimera, containing the BssHII-XhoI fragment of YU2 inserted into the equivalent sites of R7, and YU2b⌬N, containing an end-filled XhoI site within the Nef gene, were gifts from M. Feinberg and were described previously (47) .
Chimeric NL4-3 proviruses containing alternate V3 loop regions, 123-74 (X4), 10-26 (R5), and 49-5 (R5), were gifts from B. Chesebro and were described previously (14) . These viruses contain the V3 loops of an X4-tropic primary isolate, R5-tropic JR-CSF, and R5-tropic BaL, respectively. Nef-defective clones of these viruses, 123-74⌬X, 10-26⌬X, and 49-5⌬X, were created by end-filling of the XhoI site in Nef, producing a frameshift in the Nef open reading frame. Absence of Nef expression was confirmed by immunoblot analysis of viral lysates. R8-based viral clones expressing the Nef mutant proteins T80A, LL165AA, and DD175AA were constructed as described previously (43) . Coreceptor usage of all cloned viruses was verified by differential infection of P4/CCR5
Ϫ and P4/ CCR5 ϩ indicator cells (see below). Virus production in 293T and primary T lymphocytes. Virus stocks for replication analyses were produced via transient transfection of proviral plasmids in 293T cells, as previously described (1) . Supernatants from transfected cells were clarified by filtration through 0.45-m syringe filters, and aliquots were frozen at Ϫ80°C. Viruses were normalized for p24 antigen content by p24 enzyme-linked immunosorbent assay (ELISA) (70) prior to infection of primary T cells. Virus stocks were thawed once prior to use.
HIV-1 was also produced in primary T cells as follows. Activated CD4 ϩ T cells (10 6 ) were inoculated with high-titer stocks (500 ng of p24) of 293T-derived viruses using centrifugal inoculation (2 h, 900 ϫ g, 25°C) (52) . Two days later, infected cells were collected using low-speed centrifugation. Cells were washed once with phosphate-buffered saline (PBS) and resuspended in fresh IL-2-containing medium. Three and 6 days later, virus supernatants were harvested and centrifuged to remove cell contaminants. Following removal of samples for p24 and infectivity assays, supernatants were used immediately for subsequent purification by velocity sedimentation.
Replication assays. HIV-1 replication was analyzed as previously described (43) . Briefly, 2 ng of each 293T-produced virus was inoculated onto 80,000 activated T cells in IL-2-containing medium (200 l). At 2-or 3-day intervals, samples (100 l) of the culture supernatants were removed and replenished with IL-2-containing medium. HIV-1 in the supernatants was quantified by p24-specific capture ELISA.
Single-cycle HIV-1 infection assays. The infectivity of 293T-produced and primary T cell-produced virus was quantified using a HeLa-CD4/LTR-lacZ indicator cell line, P4/CCR5 ϩ , as described previously (3, 11) . These cells stably express the primary HIV receptor CD4, the coreceptor CCR5, and an integrated lacZ reporter gene downstream of the HIV-1 long terminal repeat (LTR), as well as endogenous CXCR4. Dilutions of virus were inoculated onto 40,000 cells/well in 48-well dishes in the presence of DEAE-dextran (20 g/ml). Expression of ␤-galactosidase in infected cells was visualized by staining with the colorimetric substrate 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside 48 h postinfection. Infected cells were quantified by analysis of digital images of the stained cultures using NIH Image software. Infectivity values were calculated as the number of blue cells per nanogram of p24 of the input virus.
Soluble CD4 (sCD4) inhibition experiments were performed as follows. Viruses (harvested from 293T cells) were incubated with increasing amounts of sCD4 (Progenics Pharmaceuticals, Inc.) for 1 h at 37°C prior to addition of virus to target P4/CCR5 ϩ cells. Dilutions of these viruses were added in the presence of the indicated concentrations of sCD4 to P4/CCR5 ϩ cells, and infection was determined as described above.
Velocity gradient purification of HIV-1 particles. To obtain highly purified HIV-1 for quantitative analysis of virion-associated gp120, gp41, and CD4, we employed 6-to-18% linear iodixinol (Optiprep) velocity centrifugation gradients, similar to a previously described method (25) . Following centrifugation at 35,000 rpm for 1.5 h (210,000 ϫ g maximum; SW41 Beckman), fractions (1 ml) were collected. PBS (0.5 ml) was added to each fraction to reduce the solution density, and virions were pelleted at 100,000 ϫ g for 20 min in a Beckman TLA-55 rotor. After removal of the supernatants, HIV-1 pellets were lysed by resuspension in ELISA sample diluent (10% calf serum, 0.5% TX-100 in PBS), and the lysates were assayed for p24, gp120, gp41, and CD4 by antigen capture ELISA.
Quantitative ELISAs for gp120, gp41, and CD4. For the gp120 capture ELISA, polyclonal sheep anti-gp120 peptide (4 g/ml; Cliniqa Inc.) was used as a gp120-specific capture antibody to coat Immunolon II plates (Dynex). Plates were subsequently blocked for 1 h using 5% bovine calf serum in PBS and washed. Dilutions of the virus lysates in ELISA sample diluent were added and incubated for 2 h at 37°C. Following washing, the human gp120-specific monoclonal 2G12 (0.67 g/ml; AIDS Research and Reference Reagent Program) was added and allowed to bind for 1 h at 37°C. Polyclonal horseradish peroxidase (HRP)-conjugated goat antibody specific for human immunoglobulin G (0.2 g/ml; Pierce) was used as a detector for 1 h at 37°C, and the signal was revealed using TMB (3,3,Ј,5,5Ј-tetramethylbenzidine) substrate (Kirkegaard & Perry Laboratories). Dilutions of purified gp120 IIIB (NIH AIDS Research and Reference Reagent Program) were used to construct a standard curve. As a control to test whether primary T-cell-derived CD4 might interfere with the detection of gp120 on purified virions, we incubated virions with sCD4 (1 g/ml) and assayed the lysates for gp120 by ELISA. The results demonstrated that the gp120 ELISA was not significantly affected by the presence of sCD4.
For the gp41 capture ELISA, the mouse anti-gp41 monoclonal antibody (MAb) Chessie 8 (5 g/ml; NIH AIDS Research and Reference Reagent Program) was used for capture. The gp41-specific human MAb 5F3 (0.67 g/ml; NIH AIDS Research and Reference Reagent Program) was utilized as a primary detector antibody and anti-human HRP (0.2 g/ml; Pierce) was used as a secondary antibody. As a standard for comparison, we used dilutions of clarified 293T-produced HIV-1. Dilutions of an HIV-1 viral lysate were used to construct a standard curve, assuming a 1:1 stoichiometry and 3:1 weight ratio of gp120 to gp41 associated with purified 293T-derived virions.
For the CD4 capture ELISA, we used a mouse anti-CD4-specific MAb (4 g/ ml; Trinity Biotech) as a capture antibody. This antibody was chosen for its inability to block HIV infection in order to permit efficient capture of CD4 whether or not bound to gp120. As primary and secondary antibodies, we utilized the polyclonal CD4-specific antiserum 806 (1:25,000 dilution; NIH AIDS Research and Reference Reagent Program) and HRP-conjugated anti-rabbit (0.2 g/ml; Pierce), respectively. Recombinant sCD4 was utilized to construct a standard curve for quantitation.
RESULTS
Coreceptor-dependent requirement for Nef in HIV-1 replication in activated primary CD4
؉ T cells. Our laboratory previously reported that CD4 downregulation by Nef markedly enhances the replication of HIV-1 derived from an X4-tropic molecular clone (43) . During the course of that study, we also observed that a virus encoding the env gene from the R5-tropic BaL isolate replicated efficiently in the absence of a functional nef gene. Based on these findings, we hypothesized that the requirement for Nef in HIV-1 replication depends on viral coreceptor usage. To test this hypothesis, we assayed the replication of a variety of cloned X4-and R5-tropic nef ϩ and nef-defective viruses. As a cell culture system for our studies, we utilized highly purified CD4 ϩ T cells activated with bacterial superantigen (SEB) and mitomycin C-killed allogeneic PBMC (43, 67) . This culture system minimizes variability that may arise from CD8 ϩ T cells and macrophages, which secrete factors that influence HIV-1 replication (16, 69) . Furthermore, the use of a T-cell receptor ligand (SEB) and costimulation with antigen-presenting cells likely represents a more physiological method of T-cell activation than nonspecific phytohemagglutinin (PHA)-mediated cross-linking of T-cell surface molecules. These cells were preferable to PHA-activated PBMC, owing to the greater HIV-1 replication and the strong reproducible effect of Nef observed with this culture system. The X4-tropic isolates R8, NL4-3, R7, and SF2 replicated well in activated CD4 ϩ T cells (Fig. 1A) ; however, the nefdefective mutants of these viruses replicated poorly. By contrast, the R5-tropic viruses R8BaL, R8AD8, JR-CSF, and YU2b replicated efficiently irrespective of their nef genotype, with only slight delays in the replication of the nef-defective viruses (Fig. 1B) . To determine whether the differential requirement of Nef for replication of X4-and R5-tropic viruses resulted from alternative coreceptor usage and not other genetic disparities (such as in other regions of env or vpu) that may compensate for the absence of the Nef protein, we examined three additional chimeric viruses for their requirement for Nef for efficient replication. Each chimera (123-74, 49-5, and 10-26) is genetically identical to the X4-tropic NL4-3 virus except for the V3 loop of gp120, which determines coreceptor utilization. We observed that, although the X4-tropic NL43 and 123-74 viruses required Nef for replication, R5-tropic chimeras 10-26 and 49-5 did not (Fig. 2) . Thus, the requirement for Nef in HIV replication maps to the V3 loop region of gp120.
Requirement for Nef for optimal infectivity of X4-tropic virus produced in T lymphocytes. CD4 downregulation by Nef markedly enhances the replication of X4-tropic HIV-1 in primary T lymphocytes (29, 43) . Removal of cell surface CD4 during virion production is likely advantageous to the progeny HIV virion particle and its ability to infect subsequent cells (17, 39) . We hypothesized that Nef, by downregulating CD4, enhances the infectivity of HIV-1 particles released from primary T cells, therefore promoting viral spread. To test this, wild-type and nef-defective HIV-1 particles were harvested from T cells infected at high multiplicity, and infectivity was determined by titration on a HeLa-CD4/LTR-lacZ indicator cell line (P4/ CCR5 ϩ ). We found that Nef increased the infectivity of the X4-tropic NL4-3 virus by 170-fold (Fig. 3) . In contrast, Nef only moderately enhanced the infectivity of the R5-tropic viruses 49-5 and 10-26 (13.5-and 11.5-fold, respectively). These effects were similar in magnitude to the 10-fold effect of Nef typically observed for HIV-1 produced in CD4-negative cells (1, 3, 15, 48, 53 ) (see Table S1 in the supplemental material). Coreceptor-specific infectivity differences were also observed for R8 and R8BaL (120-and 24-fold, respectively). As a control, we assayed the infectivity of the X4-and R5-tropic viruses when produced by transfection of 293T cells with proviral DNA. Although the ability of Nef to enhance the infectivity of virions produced in 293T cells was highly dependent on the viral strain, we found that there was no correlation between the magnitude of CD4-independent infectivity enhancement by Nef and viral coreceptor usage of the viruses used throughout this study (see Table S2 in the supplemental material). We thus conclude that Nef preferentially enhances the infectivity of X4-tropic virus produced in CD4 ϩ primary T lymphocytes. Nef enhances the gp120 content of X4-tropic virions produced in primary T lymphocytes. CD4 may bind to Env on the surface of the cell and prevent incorporation of Env into progeny virions, thereby impairing HIV-1 infectivity (4, 17, 39) . By downregulating CD4, Nef may prevent CD4-induced inhibition of Env incorporation. We therefore asked whether Nef affects the levels of Env incorporation into virions released from primary T cells. To test this, we quantified the levels of virion-associated HIV-1 Env proteins by antigen capture ELISAs. To ensure that the virus samples were free of cellderived microvesicles that could confound the analyses, we utilized velocity gradient sedimentation to purify virions from the supernatants of infected T lymphocytes. Following pelleting of virions in gradient fractions and subsequent lysis of the pellets, we performed p24-specific capture ELISAs to determine the virus quantities in the fractions. For both X4-tropic NL4-3 and R5-tropic 49-5, the majority of virions were found in fractions 7 to 10 (Fig. 4) . Analysis of the fractions by gp120- specific ELISA revealed that gp120 was present in the same fractions as p24. There was a marked decrease in gp120 per p24 content across the gradient of X4-tropic NL4-3 Nef-defective virus (Fig. 4A ). When total gp120 in peak fractions was calculated and divided by the p24 content of these fractions, we found that there was 5.8-fold more gp120 per p24 in purified X4-tropic NL4-3 than the nef-defective NL4-3⌬X. Similar differences were observed with the R8 and R8⌬N viruses (Ͼ4-fold [data not shown]). In contrast, identical quantities of gp120 were present on wild-type and Nef-defective 49-5 virions (Fig. 4B) . Similar results were observed in purified 10-26 and R8BaL virus (1.4-and 1.3-fold, respectively [data not shown]). Thus, Nef did not significantly affect the gp120 levels of R5-tropic HIV-1 derived from primary CD4 ϩ T cells. Although the data shown are from a single representative experiment, the results from four individual experiments are presented in Table 1 . In contrast, nef ϩ and nef-defective virions contained identical quantities of gp120 when harvested from CD4-negative 293T cells, irrespective of the coreceptor use of the virus (data not shown). We conclude that Nef specifically enhances the gp120 levels of X4-tropic virions produced in primary T cells.
The decreased levels of gp120 on Nef-defective X4-tropic HIV-1 particles suggested either that Nef is required for incorporation of the Env complex into virions or that Nef stabilizes gp120 on the surface of X4-tropic virions. To distinguish between these possibilities, we determined the gp41 levels on virions purified from T cells. Due to difficulties in obtaining sufficient quantities of Nef-defective X4-tropic HIV-1 particles from primary T cells for Western blotting, we established a sensitive gp41-specific capture ELISA (see Materials and Methods). Using this assay, we observed that gp41 peaked at the p24-containing gradient fractions (Fig. 5A) . We calculated the total quantities of gp41 in peak virus fractions and normalized them to total p24. The results revealed that nef-defective NL4-3 virions contained slightly elevated (1.5-fold) levels of gp41 relative to levels in nef ϩ virions (Fig. 5B) . We observed similar results for the R5-tropic 49-5 and 10-26 viruses (1.8-and 1.1-fold, respectively) ( Fig. 5B and data not shown) . The results of additional experiments analyzing virion-associated gp41 levels are presented in Table 1 . By contrast, Nef did not affect the gp41 levels of these viruses when harvested from CD4-negative 293T cells (data not shown). We conclude that Nef has only minimal effects on the levels of gp41 on HIV-1 particles produced in CD4 ϩ primary T cells irrespective of the coreceptor usage of the virus. Thus, the reduced gp120 content of nef-defective, X4-tropic virions appears to result from dissociation of gp120 from gp41.
Nef prevents CD4 incorporation into X4-and R5-tropic HIV-1 virions. We and others previously showed that HIV-1 replication is strongly linked to the ability of Nef to downregulate CD4 (29, 43) . Incorporation of CD4 into HIV-1 particles could result in gp120 shedding and/or interfere with its function, thereby inhibiting replication (17, 39) . We therefore asked whether Nef prevents CD4 incorporation into HIV-1 particles harvested from primary T cells. To quantify levels of CD4 on nef ϩ and nef-defective HIV-1 particles, we established a sensitive, CD4-specific ELISA and assayed lysates of gradient-purified virions. The results demonstrated that expression of Nef resulted in decreased levels of virion-associated CD4, irrespective of coreceptor usage of the virus (4.6-and 3.4-fold for NL4-3 and 49-5, respectively) (Fig. 6) . Nef also inhibited CD4 incorporation into 10-26 virions, but by only 2.1-fold (data not shown). Thus, the effect of Nef on CD4 incorporation was somewhat strain dependent, suggesting that CD4 incorporation can be affected by determinants in Env.
To further examine the connection between Nef, CD4, and gp120, we used the results from the CD4 and gp120 assays to calculate the ratio of CD4 to gp120 on the purified virions. As shown in Table 2 , X4-and R5-tropic virions contained low ratios of CD4 to gp120 when the viruses expressed Nef. However, the Nef-defective variant of NL4-3 exhibited a high ratio of CD4 to gp120. The ratio suggests that on a molar basis, the level of CD4 actually exceeded that of gp120 on these virions. By contrast, both of the R5-tropic viruses maintained low CD4/ gp120 ratios even in the absence of Nef. These results suggest that both the low levels of gp120 and the high levels of CD4 on nef-defective X4-tropic HIV-1 particles are responsible for the poor infectivity of these virions.
Nef-mediated CD4 downregulation enhances progeny virion gp120 content and prevents CD4 incorporation. Multiple functions of Nef, including CD4 downregulation and interaction with cellular signaling pathways, are important for optimal HIV replication in activated PBMC and CD4 ϩ primary T lymphocytes (18, 29, 43, 60, 72) . Although the large defects in the infectivity and gp120 content of X4-tropic, Nef-defective HIV virions produced in primary T cells likely result from the incapacity of these viruses to downregulate cell surface CD4, it is entirely possible that the absence of another function of Nef is responsible for these defects. To test whether these virion defects are indeed linked to CD4 downregulation, we extended our analysis to Nef mutants selectively deficient in this activity. We found that the CD4 downregulation-deficient Nef point mutants, LL165AA and DD175AA, were quantitatively similar to Nef-defective virions when produced in CD4 ϩ T cells (Table  3) . These mutants not only replicated poorly (reference 43 and data not shown), but also had low gp120 content, higher levels of CD4, and were poorly infectious relative to wild-type virions. As a control, CD4 downregulation-competent T80A mutant virions were found to be comparable to the wild-type virions when produced in primary T cells. This mutant was impaired for infectivity enhancement when produced in 293T cells (43) . However, T80A virions produced in primary T cells had similar gp120 content and CD4 levels relative to wild-type virions. Together, these data suggest that CD4 downregulation by Nef is required for (i) optimal infectivity, (ii) efficient gp120 incorporation, and (iii) reduced CD4 incorporation when X4-tropic virions are produced in primary CD4 ϩ T lymphocytes. Infection by X4-tropic HIV-1 is more sensitive to inhibition by sCD4. Nef-defective virions contained higher levels of CD4 than wild-type HIV-1. Infection by HIV-1 laboratory strains (predominately X4 tropic) is more susceptible to inhibition by sCD4 than are HIV-1 primary isolates (which are normally R5 tropic) (21, 49, 62) . We hypothesized that virion-associated CD4 more potently inhibits infection by X4-tropic viruses, thereby preferentially inhibiting replication of nef-defective X4-tropic replication. To test this hypothesis, we quantified infection of P4/CCR5 ϩ cells following incubation of X4-and R5-tropic viruses with sCD4. As shown in Fig. 7A , X4-tropic isolates produced in 293T cells were considerably more sensitive to inhibition of infectivity by sCD4 than R5-tropic isolates. An apparent exception was the R5-tropic virus R8BaL, which was more sensitive to sCD4 than the other R5-tropic viruses. Similar results were observed when viruses were produced in primary CD4 ϩ T cells. Although the viruses analyzed in Fig.  7A expressed Nef, the absence of Nef expression did not affect the sCD4 sensitivity of the X4-tropic R8 or R5-tropic R8BaL viruses, whether the virions were produced in 293T cells or primary CD4
ϩ T cells (data not shown). To determine whether the sensitivity to sCD4 is determined by the V3 loop of gp120, we tested the infectivity of the V3 loop chimeric viruses NL4-3, 123-74, 49-5, and 10-26 following preincubation with sCD4 (Fig. 7B) . We observed that the X4-tropic virus chimeras NL4-3 and 123-74 exhibited greater sensitivity to sCD4 than the R5-tropic chimeric viruses 49-5 and 10-26, whether virions were produced in 293T (Fig. 7B) or CD4 ϩ primary T cells (data not shown). Nef protein expression did not affect sCD4 sensitivity of X4-tropic NL4-3 and R5-tropic 49-5 and 10-26 virions (data not shown). We conclude that the sensitivity to sCD4 is modulated by sequences in the V3 loop of gp120. 
VOL. 78, 2004
Nef MODULATES gp120 LEVELS TO PROMOTE HIV REPLICATION 6293
DISCUSSION
In this study, we investigated the mechanism by which Nef promotes HIV-1 replication in primary CD4 ϩ T lymphocytes. Nef strongly enhanced the infectivity of X4-tropic HIV-1. Nef also markedly increased the levels of gp120 associated with HIV-1 particles. However, Nef did not significantly alter the levels of virion-associated gp41, indicating that Nef stabilizes the association between gp120 and gp41 on the cell and/or viral membrane. We also found that Nef-defective HIV-1 strains that utilize CCR5 as a coreceptor, unlike CXCR4-dependent viruses, replicate efficiently in activated primary T cells. Nefdefective, R5-tropic virions exhibited normal infectivity and gp120 content when released from these cells, further supporting a functional connection between reduced virion gp120, reduced infectivity, and impaired replication of Nef-defective, X4-tropic HIV-1. Nef also prevented CD4 incorporation into HIV-1 virions from primary T cells, irrespective of the coreceptor usage of the virus.
Some of our data are in contrast with those in a study by Papkalla and coworkers (54) , who reported that Nef is required for replication of both X4-and R5-tropic HIV-1 in PHA-activated PBMC. In contrast, we observed that R5-tropic HIV-1 replicated efficiently in the absence of Nef in purified CD4 ϩ T cells activated by superantigen and killed antigenpresenting cells (mitomycin C-treated PBMC). These seemingly contradictory observations may arise from differences in the culture systems used, including differences in activation or the presence of cells in PBMC that may specifically affect the replication of R5-tropic HIV-1, including CD8 ϩ T cells, macrophages, and dendritic cells. For our studies, the purified cell system offered advantages over PHA-activated PBMC, including more-robust HIV-1 replication and a highly reproducible requirement of Nef for the growth of X4-tropic viruses. The purified cell system also appeared less prone to donor-to-donor variability than experiments in activated PBMC cultures. Although we do not yet know the precise cause of the differences between our results and those of Papkalla et al., identification of a specific cell type in PBMC that regulates the requirement of Nef for replication of R5-tropic viruses may represent an interesting goal for future studies.
Our results revealed that X4-tropic nef-defective virus produced in primary T lymphocytes was markedly impaired for infectivity. We propose that, through removal of CD4 from the cell surface, Nef enhances viral infectivity by facilitating the incorporation of gp120 into nascent virions and by preventing virion incorporation of CD4. Similar conclusions were reached in studies by Lama and coworkers (4, 39) , who showed that expression of CD4 in 293T and Jurkat cells inhibited the incorporation of Env into HIV-1 particles and that Nef overcame the inhibition by downregulating CD4 expression. Our findings extend these conclusions to a physiologically relevant cell type, primary CD4 ϩ T cells. The magnitude of the infectivity decrease appears to be sufficient to account for the impaired replication of Nef-defective HIV-1. Although Nef also enhances the infectivity of cell-free HIV-1 produced in the absence of CD4 (1, 3, 15, 48, 53) , we previously concluded that CD4 downregulation is the major activity of Nef required for HIV-1 replication in cultured primary T cells. This conclusion was based on previous studies of Nef point mutants, in which the efficiency of replication correlated strongly with the ability of Nef to downregulate CD4 but not with CD4-independent infectivity enhancement (29, 43) . The infectivity of X4-and R5-tropic HIV-1 is enhanced by Nef to a similar extent when produced in cells lacking CD4 (reference 54 and results presented herein). Thus, the ability of R5-tropic HIV-1 to replicate efficiently in the absence of Nef further reinforces the conclusion that CD4-independent infectivity enhancement plays a relatively minor role in HIV-1 replication.
In this study, we found that Nef-defective HIV-1 particles contained significantly lower gp120 levels when the Env was specific for the CXCR4 coreceptor. The differential loss of gp120 between X4-and R5-tropic HIV-1 may be due to differences in the inherent stability of the gp120-gp41 complex, or to differences in gp120 conformational changes induced upon CD4 binding. Previous studies have shown that laboratoryadapted strains of HIV-1, which are generally X4-tropic, readily shed gp120 upon addition of soluble CD4 and are more sensitive to inhibition by sCD4 (31, 36, 50, 61) . The preferential inhibition of X4-tropic HIV-1 by sCD4 is also in general agreement with the hypothesis that cellular CD4 is more detrimental for replication of X4-tropic HIV-1. However, virions containing gp120 from the R5-tropic isolate BaL were sensitive to sCD4, but like the other R5-tropic viruses examined, this virus replicated efficiently in the absence of Nef. This finding indicates the lack of a strict correlation between the degree of sensitivity to sCD4 and the requirement for Nef in HIV-1 replication. We observed similar CD4 surface expression levels of the CXCR4-and CCR5-expressing cells in our T cell cultures (see Fig. S1 in the supplemental material), suggesting that the specific infectivity and gp120 defects of X4-tropic nef-defective virions are not due to increased CD4 levels of the CXCR4 ϩ cell population. It remains possible that other factors present on infected cells, such as the specific coreceptor, may contribute to the apparent resistance of R5-tropic gp120 to the inhibitory effects of cellular CD4.
In addition to the inhibitory effect of CD4 on cell-free virus, it is also possible that during continuous viral replication, HIV-1 transmission may be more efficient for R5-tropic HIV-1. Recent studies have shown that R5-tropic HIV-1 is less sensitive to some inhibitors of fusion, such as T-20, and that this resistance is associated with faster fusion kinetics and higher gp120 affinity for coreceptor (23, 58) . During continuous replication, HIV-1 may spread through multiple modes, including cell-to-cell transmission as well as infection by cellfree virions. Considering that X4-and R5-tropic Env proteins mediate fusion at different rates, it is likely that the mechanisms by which HIV-1 spreads through a culture of T cells depend on the particular coreceptor used for entry. It is also possible that the CD4 ϩ T cells infected by X4-and R5-tropic viruses represent distinct cell subsets (6, 40) and that the requirement for Nef depends on the producer cell. We have thus far been unable to demonstrate a differential effect of CD4 expression on the infectivity of X4-and R5-tropic HIV-1 when viruses are produced from 293T cells (unpublished data). Thus, the specific requirement for Nef in X4-tropic HIV-1 may be unique to HIV-1 released from primary T cells.
Our finding that Nef is not required for efficient replication of R5-tropic HIV-1 in primary T cells has implications for HIV-1 pathogenesis. Recent studies have demonstrated that various activities of Nef are more highly conserved in HIV-1 and SIV isolates recovered early or late following initial infection of the host. Analysis of the Nef genes isolated from infected individuals and monkeys have shown that major histocompatibility complex (MHC) class I downregulation is a common feature of Nef isolates present at early stages of infection (10, 51) . In contrast, CD4 downregulation is more highly conserved in Nef genes from late stages of HIV and SIV infection (4, 55) and in AIDS patients (10, 66) . Together, these studies suggest that while MHC I downregulation by Nef is important for HIV-1 persistence during the early asymptomatic phase of HIV-1 infection, downregulation of CD4 is more important for HIV-1 replication during late symptomatic stages of HIV-1 disease, when X4-tropic HIV-1 strains emerge. Thus, CD4 downregulation may be more strongly correlated with isolates present at late stages due to the requirement of this activity for replication of X4-tropic viruses. Because R5-tropic HIV-1 predominates early in infection of the host, CD4 downregulation may be less important during this stage due to the ability of R5-tropic HIV-1 to replicate in T cells despite the lack of Nef. These data also suggest that therapeutic strategies targeting Nef may be best accomplished by treatments that target Nef's ability to downregulate MHC I, thereby suppressing the ability of Nef to promote immune evasion. However, management of HIV-1 disease may also be facilitated by development of therapeutics that block CD4 downregulation, thereby preventing the emergence of X4-tropic strains associated with disease.
